Multifunctionalized tetrathiafulvalenes (TTFs) and their transition metal complexes have been widely studied to develop the materials with electric-magnetic hybrid properties.
1 Central concept for achieving the hybrid properties is the proper packing of the complexes in which TTF planes and metals are suitably arranged to provide the exchange interactions of electric π orbitals for conductivity and magnetic d orbitals for magnetic properties, respectively. TTF should be appropriately functionalized to form such a fused metal complex as well as to tune its structure and properties. Attempts have been made to functionalize TTFs, whose metal complexes maintain electroactivity similarly to TTF, with phosphine, 2 dithiolate, 1b pyridine, 3 and acetylacetonate. 4 Interest in the usage of carboxylate for the functionalization of TTFs has grown because of its hydrogen-bonding ability, 5a pH dependence, 5b and the forte of forming many useful metal organic frames (MOFs).
6 The metal coordination compounds with bicarboxylate-TTF or tetracarboxylate-TTF ligand have been recently reported, in which they exhibited the electrochemically and magnetically active properties, and the possibilities of potential applications for the battery-electrode materials.
7 In those complexes, the TTF derivatives bind to metal ions through the carboxylate groups. In this study, we use a TTF bi-functionalized with sulfide and carboxylate groups (Scheme 1) to study its ability to form a metal complex with Cu(I) and to investigate the structure and electrochemical activity of the metal complex.
The ligand, 4,5-bis(methylthio)-4',5'-bis(sodiumcarboxylate)tetrathiafulvalene (Na 2 L), was prepared in a form of sodium salt.
5b,8 The purified product used directly for the synthesis of Cu(I) complex in acetnitrile solution of Cu(I)Br. Elemental and X-ray crystallographic analyses revealed that the complex is [Cu(I)(HL)(CH 3 CN) 2 ] (1). Figure 1 shows the ORTEP drawing of complex 1. The TTF-derivative ligand (HL − ) bidentately coordinates to the Cu(I) ion through two sulfur atoms of the methylthio groups. Two N atoms of the solvent acetonitrile molecules occupy the remaining sites of the distorted tetrahedral geometry. In the other hard-acid metal complexes with the same ligand, the metal ions have been found to bind to the carboxylate groups of the ligand.
7a-c In complex 1, Cu(I), a soft acid, prefers the soft-base site, methylthio group, of the ligand for complexation. One of the carboxylate groups is protonated and this proton mediates the intramolecular hydrogen bond with 2.411(7) Å of the distance between two oxygen atoms of the carboxylate groups forming seven-membered ring. The bond angle of N-Cu-N is near tetrahedral (110. (5); S3-C5, 1.770(6); S4-C3, 1.757(5); S4-C5, 1.769(6); S5-C6, 1.756(6); S5-C8, 1.750(5); S6-C6, 1.750(6); S6-C9, 1.748(5); N1-Cu1-N2, 110.9(2); N1-Cu1-S2, 107.50(15); N1-Cu1-S1, 118.25(15); N2-Cu1-S1, 108.68(14); N2-Cu1-S2, 119.25(16); S1-Cu1-S1, 91.50(5).
Notes
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But the planar configuration for TTF 0 has also been reported.
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Molecular packing of complex 1 in the crystal is displayed in Figure 2 . Molecular C 2 axis is parallel to the crystal c-axis and the complexes run opposite directions side-by-side (Figure 2(a) ). The TTF planes lie on either [2 1 0] or [2 -1 0] plane and are packed along the b-axis (Figure 2(b) ). The efficiency of the packing along the b-axis is achieved by the weak π … π interactions between the layers of the TTF planes as depicted in Figure 2(c) showing the view normal to the [2 1 0] plane. The shortest S … S contact distance of 3.377 Å is found between the sulfur atoms of methylthio groups and the S … S contact distances between the TTF planes are 3.690 and 3.695 Å. These distances are shorter or close to the van der Waals distance of 3.60 Å.
The redox properties of TTF being readily oxidized to its cation radical (TTF +• ) or dication (TTF 2+ ) provide the potentials for many applications. The electrochemical behavior of complex 1 was investigated by using cyclic voltammetry (CV). (Figure 3(a) ). 7a The redox couples are not much perturbed by complexation, implying the electronic structure of the TTF moiety preserves ( (Figure 3(b) ). In the CV of complex 1, the irreversible redox process of Cu ++ /Cu + is also observed at E pc (M) = −0.73 V and E pa (M) = −0.06 V. Electrochemical investigation demonstrates that complex 1 is a redox-active species with four different forms as depicted in Figure 3(c) .
In summary, we have used the ligand L 2− , a TTF bifunctionalized with sulfide and carboxylate groups, to developed a new Cu(I)-TTF complex and characterized its sturcture and electrochemical properties. Single crystal Xray crystallograpy revealed that the methylthio groups of the ligand and the solvent acetonitriles are bound Cu(I) to form a distorted tetrahedral geometry. CV study of the complex demostrated the four redox-active forms of complex 1. The carboxylate groups of complex 1 can further work as bases. We are currently developing the method of an additional coordination through the open base sites of complex 1.
Experimental Section
Synthesis. The ligand, 4,5-bis(methylthio)-4',5'-bis(sodiumcarboxylate)tetrathiafulvalene (Na 2 L), was prepared in a form of sodium salt according to the previously reported method.
5b,8 The purified product used directly for the synthesis of Cu(I) complex as follow: 7 mL of 10 mM acetonitrile solution of Cu(I)Br (0.015 g, 0.035 mmol) was added dropwise to 7 mL of 5 mM aqueous solution of LNa 2 (0.010 g, 0.070 mmol). After standing at room temperature for 48 hrs, red needle shape crystals were formed at the interface of two solutions and analyzed to be [Cu(I)(HL)(CH 3 CN) 2 ] (1). Yield: 40% (10 mg). FT-IR (KBr, cm −1 ): 3425vs, 1618s, 1465m, 1400m, 1346m, 1170w, 1070w, 980w. Anal. Calc. for C 14 H 13 CuN 2 O 4 S 6 (%): C, 31.77; H, 2.48; N, 5.29, Found: C, 32.06; H, 2.62; N, 5.45 .
X Ray-Crystallographic Data Collection and Refinement of the Structure. X-ray diffraction data were collected on a 4AMXW ADSC Quantum-210 detector with a Ptcoated Si double crystal monochromator (0.75000 Å) at 100(2) K in the Pohang Accelerator Laboratory (PAL), Korea. The crystal structure of complex 1 was solved by the direct method and refined by full-matrix least-squares calculation with the SHELXTL software package.
10 Hydrogen atoms were theoretically added and included in the final refinement. Crystal data for 1: crystal size = 0.18 × 0.03 × 0.02 mm 3 , formula weight = 529.16, crystal system = monoclinic, space group = P2 1 /c, a = 14.104(3) Å, b = 4.2740(9) Å, c = 33.013(7) Å, β = 91.91(3)°, V = 1988.9(7) Å 3 , Z = 4, R 1 (wR 2 ) = 0.0530 (0.1722) for 3,738 reflections [I > 2σ(I)], R 1 (wR 2 ) = 0.0583 (0.1805) for all reflections, and GOF = 1.189. CCDC-833079 contains the supplementary crystallographic data for this paper. The data can be obtained free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html or from the Cambridge Crystallographic Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK (fax: +44 1223 336033, e-mail: deposit@ccde.cam.ac.uk).
